4,4'-Methylenebis(2-chloroaniline) (MBOCA) is a probable human carcinogen. Few studies have been performed regarding the genotoxicity of MBCOA, and the MBOCA metabolic pathway is not fully understood. We treated four-week-old ICR male mice weighing 25 -30 g with MBOCA and observed the effects of MBOCA on the internal organs. It can be concluded that MBOCA is a carcinogen and also affects gene regulation. Oral or topical administration of 50 mg/kg, 100 mg/kg or 200 mg/kg MBOCA resulted in 56% -81% of mice showing unusual inflammation, degeneration, and dysplasia in kidney, liver, stomach, intestine and urinary bladder based on histology. Furthermore, we investigated the association between oxidative DNA damage and MBOCA exposure by measuring plasma level of 8-hydroxydeoxyguanosine (8-OHdG). The results showed that the MBOCA-treated mice had significantly higher 8-OHdG levels than the control mice. This study confirms that MBOCA is potentially carcinogenic and highly toxic to both animals and humans.
Introduction
4,4'-Methylenebis(2-chloroaniline) (MBOCA) is an aromatic diamine used as a curing agent for polyurethane and epoxy resins. It has several of the general toxicity characteristics of aromatic amines and is most likely a human carcinogen. Methaemoglobinemia and the resulting cyanosis, which are hallmark symptoms of exposure to aromatic amines, are reported with much less frequency after exposure to MBOCA [1] . Workers may inhale small particles of MBOCA in the air or absorb the agent through the skin if they come into contact with MBOCA dust or vapour. Acute exposure to high levels of MBOCA can cause eye and skin irritation in humans [2] [3] . The most notable risk factor for the development of lower urinary tract cancers is occupational exposure to aromatic amines, first noted in England in 1895 [4] . The International Agency for Research on Cancer [5] and the US Environmental Protection Agency have determined that MBOCA is a toxic substance (category 2A; Agency for Toxic Substances and Disease Registry, ATSDR, 1994) [6] . In addition, in a report on carcinogens, the National Toxicology Program reported that MBOCA might reasonably be anticipated to be a human carcinogen [7] ; however, the US Environmental Protection Agency has no information on the chronic effects of MBOCA in humans [8] . Moreover, the data available from epidemiological studies are inadequate to evaluate the relationship between human cancer and exposure to MBOCA specifically [9] .
A sentinel case of transitional cell carcinoma of the urinary bladder was diagnosed in an MBOCA manufacturing factory in Taiwan in 2005 [10] . However, it remains unclear whether MBOCA causes malignancy.
We performed animal studies with MBOCA-treated ICR male mice. The animals were treated with MBOCA by three different exposed routes, topical skin smear, feeding and intraperitoneal injection. After the mice were sacrificed, the lung, kidney, liver, stomach, intestine and urinary bladder were observed histologically. We also collected the plasma from the mice to determine whether the MBOCA causes oxidative stress based on indicators, such as 8-OHdG. These results support the conclusion that MBOCA is a carcinogen and highly toxic to both animals and humans.
Materials and Methods

Drugs
For the mouse model experiment, MBOCA (Sigma-Aldrich) was dissolved in dimethyl sulphoxide (DMSO, Sigma-Aldrich) and diluted with 60% alcohol. Different concentrations of drug were administered to the mice via intraperitoneal injection, drinking water or topical skin smear.
Animal Models
Four-week-old ICR male mice weighing approximately 25 -30 g were used for the experiments. The mice were housed in individually ventilated cages in a temperature-controlled room with a 12 h light/dark cycle and allowed access to food and water. The ICR male mice were purchased from Biolasco Taiwan Co. Ltd. The MBOCA was dissolved in DMSO and diluted with 60% alcohol. The mice were treated with 50 mg/kg, 100 mg/kg and 200 mg/kg via different routes [2] [11] . There were 6 -10 mice per dose in each experiment as follows:
A. Intraperitoneal injection: 100 mg/kg or 200 mg/kg, once/day for ten days. All mice were dead 6 -18 days later.
B. Oral feeding: the drinking water contained 50 mg/kg, 100 mg/kg, or 200 mg/kg MBOCA and the mice were feed once/day for three months. The mice were then returned to normal feeding with MBOCA-free water for six months.
C. Topical: topical skin smear on shaved abdominal skin with a dose of 100 mg/kg or 200 mg/kg once/day for three months.
The oral and topical groups were sacrificed six months after the last administration of MBOCA. The lung, liver, kidney, stomach, intestine and urinary bladder were excised for histology.
The control group mice were provided MBOCA-free diet for oral administration or DMSO with 100 mg/kg for intraperitoneal injection, oral feeding and skin smear.
Histomorphology
Tissue specimens were collected and fixed in 10% neutral phosphate-buffered formalin (NBF; formalin/tissue ratio, 10:1) overnight and processed for 8 h (30 min/stage) according to the paraffin-embedding procedure with a Tissue-Tek VIP IV automated tissue processor (Sakura Finetek USA, Inc.; Torrance, CA) before embedding in paraffin and sectioning into 4 µm tissue sections as described previously [12] - [14] . To examine morphological changes, haematoxylin and eosin (H&E) staining was performed on each tissue section. The stained sections were viewed and photomicrographs were taken with a light microscope (Olympus, Japan).
Measurement of Plasma 8-OHdG Levels
Blood was collected from the orbital sinus prior to MBOCA exposure and four or five months after the last MBOCA administration. Blood was also collected from the unexposed mouse groups (control or DMSO only). The samples were centrifuged at 12,000 rpm at 4˚C, and then stored at −80˚C. The serum 8-hydroxydeoxyguanosine (8-OHdG) was measured according to the instructions of the 8-hydroxy-2-deoxy guanosine EIA Kit (96-well kit) (Cayman Chemical, USA). The results were measured with an ELISA (enzyme-linked immunosorbent assay) Reader (Synergy HT, Bio-TEK) at 412 nm.
First, the EIA buffer and wash buffer were prepared with ultrapure water. The EIA buffer concentrate (10X) was diluted with 90 ultrapure water. The wash buffer concentrate (400X) was diluted with 2 l of water and 1 ml polysorbate 20 was added. The 8-hydroxy-2-deoxy guanosine EIA standard was prepared with EIA buffer. The standard concentrations were as follows: 3000 pg/ml, 1333 pg/ml, 592.6 pg/ml, 263.4 pg/ml, 117.1 pg/ml, 52 pg/ml, 23.1 pg/ml, and 10.3 pg/ml (S1-S8). All diluted standards were stored at 4˚C. The 8-hydroxy-2-deoxy guanosine AChE tracer and 8-hydroxy-2-deoxy guanosine EIA monoclonal antibody were then prepared with 6 ml EIA buffer. The reagents EIA buffer, 8-hydroxy-2-deoxy guanosine EIA standard, samples, 8-hydroxy-2-deoxy guanosine AChE tracer, and 8-hydroxy-2-deoxy guanosine EIA monoclonal antibody, were added. The plate was covered with plastic film and incubated for 18 h at 4˚C. The Ellman's reagent was prepared immediately before use by reconstituting with 20 ml ultrapure water. The wells were washed five times with wash buffer, and Ellman's reagent was added to each well with tracer to determine the total activity in the wells. The plate was covered with plastic film. Optimum development is obtained by using a shaker and developing the plate in the dark. This assay must be developed within 90 -120 min. The final enzymatic reaction product has is yellow and is read at 412 nm. The results were calculated from a standard curve.
Statistical Analyses
Statistical evaluations were performed using Graph Pad Prism 5.0. The Student's t test was used to compare the distribution of characteristics between the exposed and control groups. Values of p <0.05 were considered statistically significant.
Results
In this study, 84 mice were used, including the control group (6 mice), DMSO group (18 mice) and MBOCAtreated mice (60 mice).
Animal Model and Histological Results
In the intraperitoneal injection group, eight mice received 200 mg/kg MBOCA once/day for 10 days and all died 6 -9 days later. An additional six mice received 100 mg/kg once/day for 10 days and also died 8 -18 days later. The visceral organs of the dead mice showed necrosis, and a solid form of the injected fluid was also occasionally observed (Figure 1(A) ). There was no tissue change in the intraperitoneal injection group that six mice received DMSO only (100 mg/kg).
In the oral group, three subgroups of mice received the MBOCA via the drinking water at doses of 50 mg/kg/day, 100 mg/kg/day or 200 mg/kg/day for three months. Each subgroup included 8 -10 mice. The low dose (50 mg/kg/day) of MBOCA caused 10% mortality (1/10 mice). The 100 mg/kg/day dose caused 22.2% mortality (2/9 mice) and the 200 mg/kg/day dose caused 100% mortality (8/8 mice) within four months after three months of feeding. We examined the dead mice and observed swelling and distension of the intestine (Figure 1(B) and Figure 1(C) ). After the mice were sacrificed, histological degeneration or dysplasia of the liver, stomach, intestine, kidney or bladder cells was observed (Figures 2-4) . There was no tissue change in the oral group that six mice received DMSO only (100 mg/kg). In the topical group, two subgroups of mice received 100 mg/kg (nine mice) once/day or 200 mg/kg (ten mice) once/day MBOCA for three months via skin smear. One mouse that received 200 mg/kg/day MBOCA died (10% mortality) three to four months after the last administration of MBOCA. The liver, stomach, intestine, kidney, and urinary bladder of the sacrificed mice were histologically examined. Inflammation, degeneration or cell dysplasia invasion in very similar to the oral group were observed in the individual organs (Figures 2-4) . There was no tissue change in the skin smear group that six mice received DMSO only (100 mg/kg). No histological change of the lung in these studies including oral or topical group was found.
Comparison of Plasma 8-OHdG Levels
The plasma 8-OHdG levels showed that the MBOCA-treated mice had significantly higher 8-OHdG levels than the control or DMSO only mice. The plasma 8-OHdG levels in the study are shown in Figures 5-7 . Figure 5 (a) & Figure 5 (b) show that 8-OHdG was detected in the plasma after oral administration of 50 mg/kg or 100 mg/kg MBOCA for three months. The samples were collected from the orbital sinus of the mice four and five months after the last administration of MBOCA. Samples were also collected from the unexposed mice, including the control and DMSO only mice. The 8-OHdG levels increased at five months compared to the control for the 50 mg/kg MBOCA group (p < 0.05) (Figure 5(a) ), and the 8-OHdG levels increased for the 100 mg/kg MBOCA group at both four and five months (p < 0.05) (Figure 5(b) ). Comparison of the 8-OHdG levels between months 4 and 5 after 50 mg/kg or 100 mg/kg MBOCA administration in the oral feeding group indicated that the 8-OHdG levels increased (50 mg/kg, 100 mg/kg) at month 5 (p < 0.01, p < 0.05) (Figure 5(c) and Figure 5(d) ).
Figure 6(a) shows that plasma 8-OHdG was detected in the mice that received a skin smear of 100 mg/kg MBOCA for three months. The samples were collected from the orbital sinus of the mice four and five months after the last administration of MBOCA. Samples were also collected from the unexposed mice (control). The 8-OHdG levels increased at months 4 and 5 vs the control group (p < 0.05, p < 0.01). Additionally, the 8-OHdG levels increased at month 5 vs the control for the 200 mg/kg MBOCA group (p < 0.01) (Figure 6(b) ). Comparison of the 8-OHdG levels between months 4 and 5 after the administration of 100 mg/kg or 200 mg/kg MBOCA via skin smear showed that the 8-OHdG levels increased at month 5 (p < 0.01, p < 0.05) (Figure 6(c) and 
Figure 6(d)).
In addition, there was no significant difference between the different doses for either the skin smear or oral administration (Figure 7) . There was also no difference in the 8-OHdG levels between the control and DMSO groups.
Discussion
We previously reported one incidence of MBOCA-induced bladder cancer in a 52-yr-old male who had worked in one of the four MBOCA production companies for 14 years [10] . In addition, we conducted a bladder cancer screening program in the four MBOCA producing factories [15] . Although the production of MBOCA in the United States ceased in 1982, it was first listed in the Third Annual Report on Carcinogens in 1983 [7] , and MBOCA continues to be manufactured in other countries. In studies of workers exposed to MBOCA in the United States and Taiwan, cases of urinary-bladder cancer were detected in a screening program [15] [16]; however, there is inadequate evidence in humans for the carcinogenicity of MBOCA [17] . In a small UK cohort of male MBOCA production workers, one urinary bladder cancer death was reported, yielding a statistically nonsignificant five-fold increase in mortality and a three-fold increase in incidence compared to national rates [18] . Therefore, the health impact of MBOCA remains a concern in occupational settings in many countries.
Pure MBOCA is also known as methylene-bis-ortho-chloroaniline or MOCA and is a colourless solid. However, MBOCA is usually coloured during the manufacturing process as yellow, tan, or brown pellets. MBOCA has no odour or taste [6] . Its chemical formula is C 13 H 12 Cl 2 N 2 , and the molecular weight is 267.15 g/mol [17] . MBOCA is used widely as a curing agent in the manufacturing of polyurethane elastomers. In addition to producing castable polyurethane parts, MBOCA is also applied as a coating in chemical reactions to "set" glues, plastics, and adhesives. There is also no information regarding the daily dose of MBOCA to which workers were exposed or the route of exposure [6] . Although the literature reports urinary bladder tumours in dogs exposed to MBOCA [19] , few studies have been performed on the genotoxicity of MBCOA. However, the carcinogenicity of MBOCA leading to the development of bladder cancer and other cancers are unclear. In the first group of studies, 14 mice received MBOCA via intraperitoneal injection (eight with 100 mg/kg or six with 200 mg/kg) for 10 days. All the mice were dead 6 -18 days later. Necrotic small intestines were observed in all the dead mice. Tobes et al. reported that 1 h after a single intravenous dose of 0.49 mg/kg radiolabeled MBOCA to rats, radioactivity was found in the tissues in the following order: small intestine > liver > fat tissue > lungs > kidneys > skin > adrenals [20] . Similar results for liver accumulation were obtained in rats 48 h after an intraperitoneal injection of 1 mg/kg radioactive MBOCA [21] . The results of our experiments, such as the visceral necrosis and swelling intestines provide strong evidence that MBOCA has a genotoxic effect on the small intestines of mice. However, the detailed mechanism of MBOCA genotoxicity must be further investigated.
In the oral group, a dose-dependent increase in mortality was observed in the mice fed 50, 100, or 200 mg/kg/day MBOCA for three months. We examined the dead mice and observed swelling and distension of the intestine. After the mice remaining surviving mice were sacrificed, chronic inflammation, degeneration or dysplasia (premalignant stage) of the cells of the liver (13/16, 81.25%), stomach (12/16, 75%), intestine (10/16, 62.5%), kidney (9/16, 56.25%), or bladder (9/16, 56.25%) was observed in 16 sacrificed mice (50 mg/kg/day or 100 mg/kg/day). Although MBOCA studies in rats, mice, and dogs reported a carcinogenic response after chronic exposure to MBOCA, there have been no additional carcinogenicity studies in animals since the most recent evaluation [17] [22]. Lungs, liver, and urinary bladder were the primary target organs for cancer in these species. A dose-dependent increase in lung tumours was observed in Sprague-Dawley rats fed 12.5, 25, or 50 mg/kg/day MBOCA for 18 months, and the incidence of lung tumours was 23%, 37%, and 70%, respectively [23] . A similar observation (presence of lung adenocarcinomas) was made in Charles River rats fed 50 mg/kg/day MBOCA for 2 years [11] . In another study, male Charles River CD-1 rats were fed 25 or 50 mg/kg/day MBOCA for 18 months. The authors reported lung adenocarcinoma in 1/22 and 1/19 animals, respectively [2] , although this finding was not statistically significant. Oral administration of MBOCA to male and female rats increased the incidence of hepatomas and lung tumours [24] . A limitation of this study was the small number of animals on which the tumour incidence was based. These studies were also performed with animals fed standard protein diets. The results of our oral feeding experiments indicate that MBOCA may reasonably be a mouse carcinogen. The mice that died prior to sacrifice indicated high genotoxicity with higher doses (100 mg/kg/day or 200 mg/kg/day) of MBOCA.
In the topical group, histomorphological changes including inflammation, degeneration, dysplasia and deep invasion in the liver (14/18 77.78%), stomach (12/18, 66.67%), intestine (11/18, 61.11%), kidney (10/18, 55.56%), or bladder (10/18, 55.56%) of the 18 sacrificed mice (100mg/kg/day or 200mg/kg/day) were observed. This suggests that the skin absorbed MBOCA and the MBOCA was transferred to the liver, stomach, intestine, kidney and urinary bladder by the circulatory system, resulting in histomorphological changes of the cells. There were several cases of dysplasia and potential malignancy. Although we found that there was no histological change of the lung in these studies including oral or topical group, the reason may be too short time to induce the genotoxic effect on the lung.
Nesnow et al. used the mouse skin assay to evaluate the genotoxicity and carcinogenicity of MBOCA in the presence of 12-o-tetradecanoylphorbol-U-acetate (TPA) as a tumour promoter [15] [25] . There are several limitations to this study. It was not clear whether TPA was administered to the control animals, whether the MBOCA was applied to shaved skin, or whether the area was protected after treatment. Another study reported that subcutaneous injection of MBOCA produced an increased incidence in hepatocellular carcinoma and lung cancer in rats [26] . After dermal application, MBOCA was neither an initiator nor a promoter in the two experiments in mice [27] .
It was recently proposed that chemical carcinogenesis may involve the formation of chemical adducts in DNA through covalent binding based on the finding that MBOCA produces DNA adducts in rat liver at levels characteristic of genotoxic carcinogens [28] . The plasma 8-OHdG levels were measured to determine whether MBOCA causes oxidative stress. Analysis of 8-OHdG levels was performed by ELISA because ELISAs are easy, rapid, and require little equipment, analysis time, sample preparation, and sample validation, although ELISA sensitivity is lower than the liquid chromatography tandem mass spectrometry (LC/MS/MS) method [29] . The plasma 8-hydroxydeoxyguanosine (8-OHdG) levels showed that the MBOCA-treated mice had significantly higher 8-OHdG levels than the control mice and were also different between the mice. However, there was no significant difference between the skin smear and oral feeding method. This indicates that MBOCA increases 8-OHdG levels as long as it remains in the mice, but has no effect even at higher doses.
In conclusion, pathological changes in the liver, kidney and urinary bladder of MBOCA-treated mice revealed unusual lesions of inflammatory degeneration and malignant change. The present studies confirm that MBOCA is potentially carcinogenic and highly toxic to both animals and humans.
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